The semidian (-12 h) periodicity in the effect of far-red (FR) interruptions of the light period preceding inductive darkness on flowering in Pharbitis nil appears to be mediated by phytochrome: (a) promotion by interruptions 2 hours before inductive darkness (-2 hours) and inhibition at -8 hours are greater the higher the proportion of FR/R+FR during the interruption; (b) brief FR exposures followed by darkness are even more effective than FR throughout; (c) the effect of brief FR is reversed by subsequent R; (d) R interruptions of an FR background are most promotive at -8 hours, when FR is most inhibitory. Promotive FR interruptions at -2 or -14 hours shorten the critical dark period whereas inhibitory FR interruptions at -8 hours lengthen it. We conclude that the semidian rhythm is controlled by a 'timing pool' of phytochrome FR absorbing form (Pfr) which disappears rapidly in darkness: four different estimates from our experiments indicate that Pfr was reduced to the level set by FR within 20 to 45 minutes in darkness. However, flowering may also be influenced by a 'metabolic pool' of Pfr with a delayed loss in darkness, the time of which can be advanced or retarded by shifting the semidian rhythm.
shortening of the critical dark period length (by -1.5 h), and by R night breaks becoming inhibitory to flowering at an earlier stage in the dark period. Inhibition offlowering was accompanied by a lengthening of the critical dark period and by a delay in the time during darkness at which R night breaks became inhibitory to flowering.
In the preceding paper we (6) have demonstrated a pronounced oscillation, with a period of -12 h, in the effect of such FR interruptions before the dark period on the flowering response of Pharbitis seedlings, and here we explore the evidence for and nature of phytochrome involvement in this -12 h (= semidian) rhythm in response to FR.
MATERIALS AND METHODS
Plant materials, growing conditions, experimental treatments, and sources of R and FR irradiation were all as described in the preceding paper. Irradiance in the 600 to 700 nm and 700 to 800 nm ranges for the two additional light sources were, respectively, 8 x 1IO-and 12.5 x 10-4 W cm-2 from incandescent lamps, and 6 x 10-4 and 18.6 x 10-4 W cm-2 from the ruby red lamps, as measured by a Macam model 3000 A spectroradiometer.
Flowering in seedlings of Japanese Morning Glory, Pharbitis nil Chois., a short day plant, increases with both the duration and the irradiance of the photoperiod preceding the single period of darkness required for flowering to occur (14) . Friend (4) showed, however, that a continuous photoperiod could be replaced by two brief irradiations with R2 light, 24 h apart, and that the promotive effect of each R exposure was reversible by subsequent exposure to FR. Thus, phytochrome is involved in the photoperiod response, and its Pfr form appears to be required at both the beginning and the end of the 24 h interval before the inductive dark period. However, FR irradiation throughout the 24 h period did not prevent flowering, provided the seedlings were exposed at least briefly (1 min) to R at the end of the period in FR. This finding, confirmed by King and Vince-Prue (12) , implies that the flowering processes need phytochrome to be present in the Pfr form at the beginning of a long inductive dark period.
Exposure to FR for 90 to 360 min during fluorescent illumination prior to the inductive dark period either promotes or inhibits flowering in Pharbitis seedlings depending on when the FR is given (9) (6) indicate that 90 min exposures to FR beginning 2 h before the inductive dark period (-2 h) are always promotive, and those at -8 h are always inhibitory to flowering under the conditions of our experiments. Figure 1 illustrates for one experiment the effect on flowering of several light sources with differing R/R + FR ratios and similar results were obtained in two others. The flowering response was greater the lower the proportion of R/R + FR at -2 h and the higher it was at -8 h, with the greatest differences occurring in the middle ofthe range, between the incandescent and ruby red lamp sources. A photosynthetic effect is unlikely as the response to R light was not significantly different from that to the fluorescent light under which the seedlings were held for the remainder of the light period, despite a 10-fold difference in irradiance. Thus, we conclude that it is the lower proportion of phytochrome in the Pfr form at -2 h which promotes flowering, the opposite being the case at-8 h.
Duration of FR Irradiation. The effect of the duration of interruptions with FR and darkness at -8 and -2 h were examined in two experiments with dark periods of 11.5 and 12.3 h. The results for interruptions at -2 h with the longer dark period in one experiment are presented in Figure 2a .
Both the promotive effect of FR at -2 h and its inhibitory effect at -8 h (not shown) increased in proportion to the duration 12.3 h or (b) 11.5 h, with: (1), FR throughout (A); (2), FR for the duration indicated followed by darkness until the end of the 90 mm interruption (V); (3), FR for 5 min followed by darkness up to the duration indicated (0); (4), R for 5 min followed by darkness for the duration indicated (X).
of the FR interruption. However, the results in Figure 1 The loss of Pfr in darkness appeared to be quite rapid. For interruptions at -2 h, the effect ofdarkness for 90 min was equal to that of 5'FR/55'D ( Fig. 2a) , which suggests that within 30 min the Pfr level in darkness had fallen to that set by FR. Several other lines of evidence, considered below, suggest similar times for the disappearance in darkness of the Pfr influencing the semidian rhythm. In Figure 2a , 90 min of darkness was more promotive at -2 h than was 90'FR, but less so than 5'FR/85'D.
The results for varying durations of FR within a 90 min interruption (curve 2) suggest that the longer the FR irradiation within the 90 min period the less is the promotion of flowering at -2 h, presumably because the flowering response is favored by a reduction in the Pfr level at -2 h below that set by the FR source, as also shown in Figures 1 and 3 . Figure 2b presents some of the results of another experiment like that in Figure 2a , which confirms the greater promotive effect on flowering of pretreatments at -2 h with only 5 min FR followed by darkness compared with FR throughout (curves 1 and 3). Comparison of curves 3 and 4-which differ only in that the period in darkness was preceded by 5 min FR in curve 3 and by 5 min R in curve 4-indicates that there was a lag of about 20 min before darkness preceded by R began to take effect, but no lag after FR, suggesting that it may have taken about 20 min for the Pfr level to fall in darkness to a level low enough to promote flowering. Table I Figure 3a suggest that the time required for Pfr to fall to the level set by FR was about 45 min in this experiment, compared with times of45 and 50 min in two repeat experiments.
Reversibility. Given this fairly rapid fall in the level of Pfr in darkness and the strongly promotive effect of darkness for 90 min, complete reversibility is difficult to demonstrate. However, the results in Figure 3b shown by King (9) to be able to change the critical night length by about 1.5 h. A change in dark period time measurement is one possible explanation ofthe effects of FR interruptions before the dark period, and its extent was therefore examined.
The results in Figure 4 indicate that exposure to 5'FR immediately before short inductive dark periods increased the flowering response to them and apparently shortened the critical night length by about 45 min. This interval could be the time required for the Pfr level to fall as low as that set by FR, and is in good agreement with the times already derived from Figures 2 and 3 . Such a result confirms our previous finding (3) that a briefinitial exposure to FR may increase the flowering response to short dark periods even though it reduces that to long ones (17) .
The effects of earlier FR interruptions on the critical night length are indicated in Figure 5 . As found by King (9), exposure to FR for 90 min beginning 2 to 4 h before the inductive dark period clearly shortened the critical night length, as also did FR at -14 h, which also promotes flowering. An interruption with FR beginning at -8 h, on the other hand, reduced the flowering response and increased the critical night length. The greatest reduction in critical night length was only about 48 min, for FR at -2 h, and its increase only 20 min for FR at -8 h, quite comparable with the changes previously found (9) . However, because of the great sensitivity of the flowering response to the length of the dark period evident in Figures 4 and 5 -an additional flower for every additional 13 to 15 min D-these changes in critical night length are sufficient to account for the effects of the FR interruptions on flowering.
Effects of R Interruptions. Red interruptions ofthe fluorescent light period do not alter flowering from the control level (e.g. Fig. 1 ), presumably because both sources set a high proportion of phytochrome in the Pfr form. Even when incandescent lamps were used for the light period, R interruptions had little effect, as would also be expected from the results in Figure 1 . In order to explore the effect of R interruptions for 90 min at various times, fluorescent light was replaced by FR for 12 or 15 h before the beginning of the inductive dark period in five experiments, the averaged results of which are presented in Figure 6 .
R interruptions beginning at -8 h were most strongly promotive, i.e. at the time when FR interruptions of fluorescent light are always most inhibitory. Likewise R at -12 h was inhibitory whereas FR interruptions at that time are promotive. But although FR beginning 2 to 4 h before the inductive dark period is always highly promotive (e.g. Table I ), R interruptions of FR at that time were not significantly inhibitory in any of the five experiments.
Since our experiments (6) have revealed a semidian rhythm in the effect of FR interruptions, these being promotive at -2, -14, and -28 h and inhibitory at -8, -20, and -34 h, whereas R is promotive at -8 h (Fig. 6) , we attempted to drive the semidian rhythm at various phases in relation to the beginning of the inductive dark period through programmed sequences of FR, incandescent, and R exposures. Two such experiments have been carried out, but no results are presented because none of these treatments significantly inhibited flowering relative to the unprogrammed controls. In both experiments flowering was greatest when the FR interruptions began at -4.5 and -16.5 h and the R interruptions at -10.5 and -22.5 h, as would be expected from previous results.
CONCLUSIONS
The results presented here make it clear that the semidian rhythm in the flowering response ofPharbitis nil seedlings to FR interruptions at various times before the inductive dark period is controlled by phytochrome. Four kinds of evidence indicate this. First, the promotive effect ofinterruptions with various light sources at -2 h, and their inhibitory effect at -8 h, both decrease as the proportion of R/R + FR rises (Fig. 1) . Second, brief exposures to FR followed by darkness are at least as effective as continuing FR, and usually more so ( Figs. 1-3 ; Table I ). Third, the promotive effect of FR can be reversed by a subsequent brief exposure to R (Fig. 3b) , as was also shown by King (9) . Fourth, R interruptions of an FR background are most promotive at -8 h when FR interruptions of fluorescent light are most inhibitory (Fig. 6 ). Since 5'FR followed by 85 min of darkness usually had greater effect than 90'FR, the response is not due to a high energy reaction or to the presence of photoconversion intermediates, but to a low level of Pfr.
The effect of FR interruptions depends on the interval from them to the beginning ofthe inductive dark period (6), but is the operative factor the fall in Pfr level at the beginning of the interruption or the rise at its end? Two lines of evidence suggest it is the former. First, the results in Table II indicate that the promotion of flowering with FR interruptions beginning at -1.5 h is unaffected by whether or not the Pfr level is raised at the end of the interruptions. Second, we have found (10) that interruptions for 1.5 h with FR or with 5'FR followed by darkness showed the same periodicity as interruptions for 6 h when plotted from the beginning of the interruption to the beginning of the inductive dark period. Thus, the effective signal is the fall in the level of Pfr at the beginning of the interruption and the response is the greater the lower the level of Pfr falls (Fig. 1) , even below that set by the FR source ( Figs. 1, 2 ; Table I ). That could explain why the effects of interruptions with darkness or with 5 min FR followed by darkness increases with their duration (Fig. 2) , but not why the effect of FR interruptions likewise increases. The fall in darkness of the pool of Pfr relevant to the semidian rhythm appeared to occur quickly, hence the ability of 90 min in darkness to replace 90 min in FR, for both promotion and inhibition. Four indirect estimates of the time required for the Pfr level to fall in darkness to that set by FR were 30 min (Fig.  2a) , 20 min (Fig. 2b), 45 min (Fig. 3a) , and 45 min (Fig. 4) Figure 5 and in the results of King (9); (d) that such changes in critical dark period length are sufficient to account for the range in flowering response found in our experiments (cf. 
